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1. Introduction 
1.1 Objective and Scope 
This report is a guide for the designer faced with the problem of 
the analysis, proportioning, and detailing of multiple opening rectangular 
reinforced concrete conduits subjected to very heavy loadings. It was 
developed during an investigation of conduits suitable for use under 
high earth-fill dams, and may be useful for other purposes, including 
box culverts under high~ay or railway fills. The cross section of a 
possible structure is shown in Fig. 1. 
The design process can be divided into ~everal phases, as follows: 
1. Determine loadings, 
2. Idealize structure into model for analysis, 
3. Analyze to find controlling combinations of moment, thrust, 
and shear for each member~ 
4. Proportion sections for forces$ and 
5. Detail structure, including connections. 
This may be an iterative process, especially involving steps 2, 3, and 4. 
The background for the following recommendations can be found in 
* three reports (1, 2, 3) which describe the results of a series of tests 
of eight three-opening conduit specimens and an analytical study of the 
same structures. The analysis used the finite element technique, taking 
into account progressive cracking and nonlinear stress-strain properties of 
the materials. 
* Numbers in parentheses refer to entries in List of References. 
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2 
This study was undertaken to provide information for the design of 
structures with 250 to 300 ft of fill over them. The current design pro-
cedures, such as outlined in Ref. 4, were originally developed for fill 
depths up to 75 ft, and these procedures appear to lead to excessive 
member thicknesses for larger loads. Reference 4 is partially based on 
work done at the University of Illinois at Urbana-Champaign before 1960 
(5, 6), and this study can be viewed as an extension of that work although 
there is no formal continuity. 
The remainder of this report will be divided into chapters dealing 
with each of the five design steps listed above. 
1.2 Administrative Organization and Acknowledgements 
The administration of .the contract for the Corps of Engineers has 
been under the supervision of Wendell E. Johnson, Joseph H. Caldwell, 
and Homer B. Willis, who have served successively as Chief, Engineering 
Division, Civil Works, Office of the Chief of Engineel's. Direct contact 
between the Engineering Division and the University has been through Charles 
F. Corns, Howard W. Goodhue, Keith O. 0100nnel1, and Lucian G. Guthrie, 
and appreciation is expressed for their continued interest and many helpful 
suggestions. 
At the University of Illinois at Urbana-Champaign, the work has been 
under the administrative direction of D. C. Drucker, Dean of the College of 
Engineering, R. J. Martin, Director of the Engineering Experiment Station, 
and N. M. Newmark and C. P. Siess, successive heads of the Department of 
Civil Engineering. Professor W. L. Gamble has provided overall super-
vision of the project and of the experimental phase of the investigation. 
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Professor Bijan Mohraz, now at Southern Methodist University, directed 
the analytical phase of the work., 
Acknowledgements are due to Dr. A. E. Aktan, T~ A. Broz, J. L. Hoebel, 
M. O. Ryan, G. C. Rucicka, Dr. M. H. Salem, and Dr., L. G. Pleimann, former 
and current graduate students in Civil Engineering, for their contributions 
to the study. 
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2. Loadings 
The loadings which are appropriate for a very stiff structure buried 
in a well-compacted fill may be the subject rif a geotechnical investiga-
tion or of a soil-structure interaction analysis, but they are beyond the 
scope of this report. 
The loadings which were considered in the study were those currently 
being specified by the Corps of Engineers. Two separate loading combina-
tions are considered, and each members is proportioned for the most severe 
combination of forces. The basic loading is the case of the vertical 
pressure being 1.5 times the overburden in combination with a horizontal 
pressure of 0.5 times the overburden. The s~cond loading condition is 
that of both vertical and horizontal pressures equal to the overburden. 
Both cases are illustrated in Fig. 2 for an overburden of 30 k/ft2, and 
the loads are assumed to be uniformly distributed. The basic loading will. 
govern the design of the horizontal and interior vertical members. The· 
second loading will normally control the design of the outer vertical 
members. 
The loads, and especially the horizontal loads, must be carefully 
evaluated. The flexural and shear strengths of the members are greatly 
enhanced by the presence of axial compression. Consequently, when de-
signing the horizontal members, it is conservative to make a low estimate 
of the horizontal load, and it is decidedly nonconservative to over-
estimate the horizontal load. Similarly, it is nonconservative to over-
estimate the vertical load while designing the exterior vertical members 
to resist horizontal loads. 
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3. Idealization of Structure 
The idealization of the structure into the mathematical model to 
be analyzed is a problem that the structuraJ ~ngine~r faces daily, when 
applying elastic frame analysis techniques to reinforced concrete structures. 
In all analyses of reinforced concrete structures, some approximations 
have to be made in determining the variations in member rigidity, or EI, 
along the lengths of members. The most usual assumption, for the part 
of the analysis concerned with finding the applied moments, shears, and 
axial forces, is that the variation in the gross concrete section will 
be considered. Thus, co·nstant depth members usually are idealized as 
prismatic, even though there may be substantial variation in the reinforce-
ment and in the extent of cracking along the members. 
In frames of normal proportions, the next assumption will probably 
be that the frame is idealized as a line structure, and the possible 
effects of material in the joints on member stiffness are ignored.. This 
leads to the familiar rotational stiffness expression of K = 4E1/t, for a 
member which is fixed at the far end and subjected to a moment at the 
simply supported end. 
However, as the widths of the supporting members become larger rela-
tive to the span, it becomes necessary to take these widths into account 
if the distribution of moments is to be adequately predicted. As the 
supports become wider, one must also reconsider the definition of the 
span (clear span or center-to-center span, for example) and just what 
effects the growing joint areas have on the flexural stiffness factors. 
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In the earlier study (6), it was recommended, for instance, that 
in members without haunches, the flexural stiffness of each member be 
evaluated assuming the entire connection area of t~e member to be rigid. 
This results in higher member stiffnesses, larger carry-over factors, and 
higher fixed end moments than if the member is assumed prismatic for its 
entire length. After finding the balanced joint moments in the frame, 
the design moments were taken as the negative moments at the faces of the 
supports (and not at the centers of the supports) and as the maximum 
positive moments in the spans. Reference 6 also contains recommendations 
and discussion of cases with haunches. 
The problem of the assumptions about the variation of moment of 
inertia near the ends of the members was discussed in Ref. 3. The re-
sults of several elastic frame analyses and of a number of finite element 
analyses were compared. It was concluded that the frame analysis method 
gave moments in reasonable agreement with the more complex analyses and 
with the test results if half the joint length was as~umed rigid. The 
joint lengths included the lengths of the small fillets used in the test 
specimens. The rigid length is illustrated in Fig. 3. 
The critical section for moment at the ends of the members has been 
taken at the tips of the fillets, as is also shown in Fig. 3. This lo-
cation, rather than the face of the supporting member, was used as a 
result of studies of the test results and of a series of trial calculations 
of design moments. 
The idealization of a particular structure is illustrated in Fig. 4. 
The structure is the prototype from which the dimensions of test specimens 
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R2 through R8 were scaled (1,3). The line-element structure has spans 
equal to the distances between centers of supporting members. 
There are small cantilevers at each corner of the structure. These 
are included so that the idealized structure has the same total length 
and height as the real structure, and consequently has the same total 
load. Without these members, only 25.5/27.5 of the distributed vertical 
load on the real structure would be accounted for, and only 11/13 of the 
horizontal load would be included. Presumably nearly all of the load on 
a horizontal cantilever is resisted by the end vertical member, and the 
load on the cantilever could also be applied as an axial concentrated load 
without changing the overall results very much. 
The rigid lengths in this case are 9 in~ at each end of each member. 
The joint length in each ca$e is the 12 in. half-width of the perpendicu-
lar member plus the 6 in. fillet, for a total of 18 in. Half of this is 
taken as the equivalent rigid length. 
The three-dimensional conduit is also normally considered as a 
series of two-dimensional frames, or "slices", cut from the conduit. Various 
slices may have different loads as the overburden changes along the axis of 
the conduit, or through the thickness of the dam or fill. This is a 
reasonable assumption in most cases, and especially in view of the current 
Corps of Engineers practice in placing water-stopped joints which have no 
tensile capacity at relatively small intervals along the length of the 
conduit. If the conduit were built monolithically, this design procedure 
would still be adequate for the individual cross sections as illustrated 
in g. 4(a). There would be an entirely different analysis and design 
problem for forces acting parallel to the axis of the conduits. In the 
example that is considered in this report, a 12 in. length of the conduit 
will be analyzed as if it were an isolated from 12 in. wide. 
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4. Analysis of Structure 
Once the structure has been idealized as was discussed in the previous 
section, the next step is the analysis to determine the controlling 
moments, shears, and thrusts at each critical section. 
With the current availability of general frame analysis programs, 
this presents no difficultYQ The idealized structure is described, the 
loadings are given, and the program is instructed to give moments at or 
near midspan and at the sections at the tips of the fillets, shears at 
the ends of the members or other sections, and the axial forces in each 
member. The STRUDL program was used in the study in Ref. 3. 
The following material is specifically for the case of hand calculations, 
and is presented in a moment-distribution format, with and without various 
shortcuts. 
The nonprismatic m~mbers introduce some complexities, but the three 
curves shown in g. 5 minimize these. Figure 5, plotted from data in . 
Ref. 7, gives Fixed-End Moments, Carry-Over Factors, and Flexural Stiffness 
Factors for members with rigid areas near each end. This is for the 
specific case of rigid areas of the same length at both ends of the ·memb~r. 
Coefficients for cases with different rigid lengths at the two ends of a 
member may be found using basic principles of analysis or through the use 
of computational devices such as the Column Analogy (8). (If the rigid 
lengths are nearly the same, reasonable approximations can be obtained by 
assuming both ends to have the shorter rigid length when considering the 
end with the shorter rigid length, and both to have the longer rigid length 
when considering the end with the longer rigid length.) 
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Once these factors have been determined, the moments are distributed 
until a satisfactory balanced condition has been obtained. The design 
forces are then determined, starting from the joint forces. 
To illustrate this process, the structure shown in Fig. 4 will be 
analyzed, assuming a vertical load of 45 k/ft2 and a horizontal load of 
15 k/ft2. Some results of the analysis with both vertical and horizontal 
loads equal to 30 k/ft2 will also be presented. There are only two kinds 
of members, so the determination of the coefficients is relatively simple. 
The joints have been identified in Fig. 4(b), to aid in the bookkeeping 
operation. 
For the horizontal members: 
9. = 8 1 -6" = 102 in. ; a,Q, = 9 in.; a = 0.0882 
From Fig. 5: FEM = 0.0967 W9. 2 
COF = 0.633 
K = 6.6EI/,Q, = 6.6EI/8.5 = 0.776 EI 
For the vertical members: 
9. = 11'-0" = 132 in.; a9. = 9 in.; a = 0.0682 
From Fig. 5: FEM = 0.0940 W9. 2 
COF = 0.604 
K = 5.8EI/,Q, = 5.8EI/ll = 0.527 EI 
All members have the same thicknesses in this case, so the EI values 
are the same. If a IIs1ice" of the conduit 12 in. wide is considered, the 
load per sq ft is also the load per ft of length of member, and the result-
ant moments, shears, and thrusts are per ft of width of structure. 
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Using the above information, the fi~ed end moments become: 
Horizontal members: FEM = 0.0968 (45 k/ft)(8.5 ft)2 = 314.4 k-ft 
Exterior vertical members: 
FEM = 0.0940 (15 k/ft)(ll ft)2 = 170.6 k-ft 
Interior vertical members: FEM = 0 
Horizontal cantilever: 
Vertical cantilever: 
M = 45 k/ft (1 ft)2/2 = 22.5 k-ft 
M = 15 k/ft (1 ft)2/2 = 7.5 k-ft 
The distribution factors at the corner and interior joints are determined: 
Joint A Relative values = Distribution Factors 
KAB = 0.776 EI 0.596 
KAE = 0.527 E1 0.404 
rK = 1 .303 EI 1 .000 
Joint B Relative values = Distribution Factors 
KBA = 0.776 EI 0.373 
KBC = 0.776 E1 0.373 
KBF = 0.527 EI 0.254 
fK = 2.079 E1 1 .000 
This information can then be assembled into a traditional moment-
distribution format, as shown in Fig. 6. Because of symmetry, only one 
quarter of the structure need be considered, with leads to considerable 
reduction in arithmetic. Rotational signs, with clockwise moments on 
the end of a member as positive, are used. The two cantilever moments 
are added together and treated as an applied moment, and of course there 
is no distribution or carry-over to these members. The carry-overs for 
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the vertical members and the central horizontal span are from symmetrical 
portions of the structure which are not shown. They can also be viewed 
as negative reflections of the carry-overs from the joints actually being 
considered. Convergence is relatively slow because of the large carry-
over factors, but the 5 cycles shown are more than adequate. 
Since the vertical and interior horizontal members are subjected to 
the same moments, with opposite rotational signs, at the two ends, another 
short-cut can be introduced by using stiffness factors modified for this 
condition of symmetry. If this ;s done, the carry-overs along these parti-
cular members are elimi~ated, and some savings result in the analysis time. 
The modified stiffness of a member with equal but opposite end moments 
can be expressed as (Ref. 9): 
K I = K (1 - COF). 
With this, the central horizontal member has a modified stiffness of 
K! = 68~5EI (1 - 0.633) = 0.285 EI. 
The vertical members have modified stiffnesses of 
K' = 5'~lEI (1 - 0.604) = 0.209 EI. 
Using these modified stiffnesses, new distribution factors for the 
two joints can be found in the same way that the previous values were 
computed. The modified distribution factors are shown in Fig. 7, where a 
new moment distribution is shown. The small differences between the moments 
in Figs. 6 and 7 are due to accumulations of round-off errors and are 
insignificant. 
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Since these are joint moments, the next step is to determine the 
design moments, shears and thrusts. This can be illustrated graphically, 
and Fig. 8 shows the moments and shears in the end horizontal span. 
The moment diagram in Fig. 8 shows the maximum span positive moment 
and the two negative moments at the tips of the fillets. The moment at 
the exterior corner of the structure is very small, and the second loading 
with 30 k/ft2 in both horizontal and vertical directions would give a 
much larger negative moment, of about 127 k-ft. This small moment is con-
sistent with the results of the elastic finite element analysis presented 
in Ref. 3. 
The moments at all critical sections would then be determined, as 
would the thrust accompanying each moment. The thrusts for the horizontal 
members can be found by simple statics since the top and bottom members 
each resist half the horizontal load. The vertical member thrusts are 
found by summing reactions at the ends of the horizontal members, not 
forgetting the reactions from the small corner cantilevers. 
The moments and thrusts at each critical section are summarized in 
Fig. 9 for the two loading cases. The end span positive moments are the 
maximums in the span rather than the slightly smaller midspan values. 
At some locations, such as at the ends of the exterior vertical mem-
bers, it may be necessary to consider two combinations of moment and 
thrust, as it may not be evident which loading governs. In addition, 
the two different loadings produce moment diagrams with different points 
of contraflexure, and this will have to be taken into account when detail-
ing the reinforcement. 
13 
The critical section for shear has been taken at 0.15 tn from the 
face of the supporting members, where tn is the clear span between the 
supports, neglecting the presence of the fillets. This is an arbitrary 
definition which was developed from the analysis of the test results 
reported in Ref. 3, and would not necessarily be reasonable if much 
larger corner fillets were used. The fillets obviously influenced the 
paths of the shear cracks in the test specimens, but their size was not 
a variable in the test program. 
The shears at the various critical sections, from the two loadings, 
are shown in Fig. 9. 
Please note that the forces shown in Fig. 9 are service load forces, 
and they must be multiplied by an appropriate factor of safety before 
proportioning the cross sections using an ultimate strength design 
approach. The remainder of this report is written on the basis that 2.0 
is a reasonable factor, and that it includes both the overload and under 
strength components of the factors of safety as used in the ACI Code (10). 
This factor is applied to all members resisting all combinations of forces. 
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5. Proportioning of Cross Sections 
The first step in checking the adequacy of the structure which has 
just been analyzed should be the confirmation of the shear strength. 
It has been assumed that no shear reinforcement will be used, so the 
concrete section must be adequate. The test results indicated no more 
than a weak dependence of the shear strength on the flexural steel ratio, 
and there appears to be no difficulty in providing flexural capacity to 
match or exceed the shear capacity. 
The minimum shear capacity of a critical section can be computed, 
following the recommendations of Ref. 3, as: 
where 
v c = V c/ bd 
Vc = Shear capacity of section of width b, 
d = Effective depth of reinforcement, from compression face, 
~ = Clear span face to face of supporting members$ neglecting 
n fillets, 
fl = Compressive strength of concrete, lb/in. 2, (~also has 
c lb/in.~ units), 
fh = Nu/Ag = Nominal longitudinal stress in member, 
f t = Tensile strength of concrete, taken as 5/f ~ , 
Nu = Axial thrust in member, compression positive, and 
Ag = Gross area of member. 
(5-1 ) 
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The critical section is located 0.15 ~n from the face of the 
supporting member, as noted in the previous section. 
The cross section of each member will be approximately as shown 
in Fig. 10. The cover over the main reinforcement is 4 in., and is 
consistent with current Corps of Engineers practice for hydraulic 
structures (4). The transverse bars are nominal reinforcement placed 
perpendicular to the main steel. These bars provide crack control and 
some protection against deep erosion of the concrete by any cavitation 
problems, and are placed on the sides of members exposed to flowing water. 
The figure is drawn as if the main steel were #11 bars, but this of course 
remains to be determined. 
Two sections need to be checked for shear. The interior negative 
moment section of the end horizontal span has maximum shear and minimum 
thrust when the vertical load is 45 k/ft2. The exterior vertical member 
has the worst conditions when vertical and horizontal loads are both 
30 k/ft2. 
Adopting a load factor of 2.0, the horizontal member is subjected to 
ultimate loads of Vu = 234.4 kips and Pu = 195.0 kips. The concrete 
compressive strength is taken as f~ = 4,000 lb/in. 2 Assuming #11 bars, 
d = 24 - 4 - 1.41/2 = 19.3 in. The clear span is ~n = 78 in. The 
average longitudinal stress is fh = 195 kips/(12 x 24) in. 2 = 0.677 k/in. 2. 
The ~ = 14000 = 63.2 lb/in. 2, and f t = 5~ = 316 lb/in. 2. 
The applied shear stress is Vu = Vu/bd = 234.4 kips/(12 x 19.3) in. 2 = 
1 . 01 k/ in. 2 . 
The shear resistance is 
Vc = (11.5 - 78/19.3) 63.2 lb/in. 2 11 + 677/316 = 836 ib/in. 2 
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The 836 lb/in. 2 computed shear capacity is less than the desired 
1010 lb/in. 2, and leads to a computed failure load of 74.5 k/ft.2 
The designer has two choices if the structure is to support the 90 k/ft2. 
The members may be made deeper, or the concrete strength may be made 
stronger, or both. Increasing the concrete strength alone would require 
f~ = 7,000 lb/in. 2, so this is not practical as the only change. The 
shear strength increases at a rate less than ~ because of the f t term 
under the radical. A member depth of 28 in., 4 in. thicker, would re-
sult in the strength exceeding the factored applied load. 
When compared directly with the results of the model tests, it is 
apparent that Eq. 5-1 is relatively conservative. The lowest failure 
load for a model of this structure under this loading configuration was 
105 k/ft2, with concrete only slightly stronger than 4,000 lb/in. 2 On the 
basis of direct comparisons of the 105 k/ft2 load from the tests of Models 
R6 and R8 (3) and half of the 74.5 k/ft2 computed earlier, the factor of 
safety against shear failure appears to be about 2.8 rather than 2.0. 
Or, the measured failure load was about 40 percent higher than the com-
puted failure load. 
This is not entirely unreasonable, in view of the scatter in the 
shear strength data. The 40 percent excess is a result of Eq. 5-1 being 
a lower bound to all of the test data, including cases in which f h, the 
horizontal compression, was zero. 
The redesign will not be pursued, but rather the exterior vertical 
will be checked for shear, and then the flexural analysis considered. 
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In the exterior vertical member, the ultimate shear is Vu = 189.0 
kips, in conjunction with a thrust of NU = 345.2 kips, from the Wv = 
wh = 30 k/ft2 loading, times 2.0. The nominal applied shear stress is 
Vu = 816 lb/in. 2, and fh = 1,200 lb/in. 2 The shear resistance can then 
be computed as: 
v = (11.5 - 108/19.3) 63.2 lb/in. 2 /1 + 1200/316 = 818 lb/in. 2 
c 
The end vertical is thus adequate for shear, and would not have to 
be thickened in a redesign. The shear force would not be changed by 
additional depth in the .horizontal members, and there could be no more 
than an extremely small change in the axial thrust. 
On the basis of a direct comparison with the test of Model R7, the 
computed and measured shear strengths are the same. The other models 
were somewhat stronger. 
The basis for Eq. 5-1 is explained in Ref. 3, and Fig. 11 is repro-
duced from that report to show the relative values of the test results 
and Eq. 5-1. 
The proportioning of sections for flexure must begin with a judgement 
decision about the minimum amount of steel to be used, as this will often 
govern. It is suggested that a minimum area of 0.01 (1%) of the gross 
area of the section be adopted, and this be divided equally between the 
two faces of the member. For the section shown in Fig. 10, this results in 
a total area of steel of 2.88 in.2/ft, and a tension steel ratio of 
0.0062, where p = As/bd and As = steel area in one face of the member. 
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The 1971 ACI Code (10) specifies a minimum tension steel ratio in 
a beam of Pmin = 200/fy = 0.0033 for grade 60 steel. However, this may 
not give adequate crack control, because the bar spacing can become quite 
large and because of the large cover. Information on the parameters in-
fluencing crack spacing and width can be found in Ref. 11, and Ref. 12 
confirms that the same concepts can be extended to structures reinforced 
with very large bars. 
The ACI Code also specifies a minimum reinforcement of 0.01 of the 
gross area of a compression member, and all members in the conduits are 
subjected to significan~ compression in addition to the bending forces. 
The area of 2.88 in. 21ft can be met by #11 bars at 13 in. in each 
face, or by #8 bars at 6.5 in., or by other combinations. The #8 bars 
would be better for crack control purposes because of the smaller spacing, 
but the advantage may not be large. 
Each critical section is subjected to some combination of moment 
and thrust, and it must be confirmed that the sections are adequate. A 
moment-thrust interaction diagram was consequently developed for the cross 
section shown in Fig. 10, and is shown in Fig. 12. The diagram is 
specifically for the case 1.44 in.2/ft of steel in each face of the 
member, d = 19.3 in., f~ = 4,000 lb/in. 2, and fy = 60,000 lb/in. 2 
The method of determining the moment-thrust interaction diagram is 
documented in standard text books (13, 14) on reinforced concrete, and 
will be only briefly reviewed here. Figure 13 is reproduced from Ref. 3, 
and illustrates the strain, stress, and force conditions associated with 
one point on this interaction envelope. In essence, a strain distribution 
such as is illustrated is selected, forces are found, and forces and moments 
of forces are summed about the mid-depth axis. Some other strain 
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distribution is then selected, and the process is repeated, with enough 
trials to define the envelope to .the required precision. 
The strain distribution producing the failure strain in concrete and 
the yield strain in the tension steel leads to a balanced condition, and 
the moment and thrust define a major change in slope of the envelope. 
The stress distribution within the concrete is the simple approxi-
mation suggested by the ACI Code. It will be adequate except in the 
region of very high thrust where the entire cross section is in com-
pression and the neutral axis lies outside the section. Consequently, 
kd = h should be the largest kd value chosen using the stress conditions 
shown in Fig. 13. This point can then be connected by a straight line with 
a point representing the pure axial thrust capacity, given by 
P = (A + AI) f + (A - A - AI) 0.85 fi 
o s S y g s s c (5-2) 
This force exists with zero moment if the section is symmetrical 
about the mid-depth axis. Otherwise, the moments of the forces must be 
summed about that axis. References 13 and 14 can be used to obtain further 
guidance in nonsymmetrical cases. 
The curve shown in Fig. 12 does not have the shape normally shown 
for interaction diagrams. The portion below the balance point is 
straighter than is usually encountered, and the portion above the balance 
thrust has much more curvature than is normal. These changes in shape 
are due to the large cover over the compression reinforcement, combined 
with the use of Grade 60 steel. As a consequence of these two factors, 
the strain in the compression steel remains less than the yield strain 
20 
even at the balance point failure conditions, and in this particular case 
for any thrust less than 525 kips even when the moment is increased to 
failure. The normal shape illustrated in the text books exists only if 
the compression steel has yielded at the balanced failure condition, and 
for somewhat lower thrusts as well. 
Once the envelope was prepared, the applied moment and thrusts were 
plotted for several of the critical sections. The rays from the origin 
represent "load paths" showing the combinations of M and P as the loads 
are increased from zero to twice the design values. Only the positive 
moment in the end span horizontal member (which will have to be thickened 
for shear) and the midheight section of the exterior vertical member are 
even close to the envelope. The other sections have considerable excess 
capacity, even with the minimum reinforcement. 
The interior vertical member is subjected to only a very small moment 
and a large thrust9 and these have been plotted. A ray and point are also 
plotted corresponding to a minimum thrust eccentricity of 0.1 times the 
member thickness, or 2.4 in., as is required by the ACI Code for columns. 
This minimum eccentricity is a reasonable requirement, and it can be argued 
that it is essential to protect the structure from small accidental moments 
arising from accidental nonsymmetries of the loads and of the structure. 
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6. Detailing of Steel 
Once the required areas of steel have been found for all of the critical 
sections, the arrangement of this steel in the structure must be completed. 
The lengths of bars, the locations of bar terminations, and the locations 
of bends must be determined, and this should be done to both insure the 
adequate behavior of the structure and to minimize material and fabrication 
costs. 
A simple steel arrangement was used in the models, and the results 
were satisfactory. The steel used is shown in Fig. 14, which is a 
drawing of a model 1/3 the size of the prototype discussed earlier in this 
report. 
The outside steel is bent around the corners in the model, and the 
verticals are then lap-spliced in a region of generally compressive stress. 
All other bars are straight and full length. No bars are cut off short, 
even though in some cases the shape of the bending moment diagrams might 
appear to allow this to be done. 
The extensions of the inside bars (bottom bars in top member, top 
bars in bottom member, and inside bars in exterior vertical members) 
into and nearly through the supports is critical. 
In the test specimen~, shear cracks formed near the ends of the members, 
and approximately lined up with the fillets, as shown in Fig. 15. The 
formation of these cracks was accompanied or preceeded by a change from 
compression to tension strains in the reinforcing bars near the tips of 
the fillets. The tension in these nominally compression bars became 
reasonably large in some cases, and could have lead to bond failures 
and other problems if the embedments of the bars beyond this section had 
been smaller, or if some bars had been cut off before this section was 
reached. 
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These reversals from compression to tension were noted both at exterior 
corners and at interior joints, which is the reason for the recommendation 
that the bars be full-length. 
The use of all straight bars rather than bent bars is recommended. 
Bars of the form shown in Fig. 16 have been used to supply about half of 
the steel in some conduit structures, but these become quite inefficient 
and ineffective when members with small ~n/d values are considered. If 
the sloping parts of the bars are to be no steeper than 45° from the 
member axis, the straight horizontal lengths available at either face of 
the member become small, and too much of the bar is in the sloping parts. 
Only about half of the span shown in Fig. 16 is reinforced by the straight, 
The use of two different loadings which cause large shifts in the 
points of contraflexure tend to make selection of efficient bent steel 
even more difficult. 
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Professor vJilliam L. Gamble 
Department of Civil Engineering 
University of Illinois 
Urbana, Illinois 61801 
Dear Professor Gamble: 
RECEIVED 
1"1.1. /1, \(' ,). q -, 7' M 1 __ /')/ f 
N. KHACH~lUNM:il 
Thank you for your reply of 11 March to which I feel compelled to respond .. 
Relative to the 6 equations and procedures in your report of Jan. 1977 which 
are those of the writer and colleagues, your reference on line 1 of p~ll is 
to ACI Co~~ittee 209, Subcommittee 2 (3), which correctly references SP 27, 
pp. 51-93. HO'vever, this.refers to the ACI Committee 209 paper SP 27-3, and 
not to our paper in SP 27-13 as you noted in your letter (although it appears 
you meant SP 27-3). The point is that the originators of the information are 
not. indicated in 'any way in your report. You are not suggesting, are you, that 
a subsequent reference by different authors without the original reference 18 
preferable in a research report? ACI Committee 209 had nothing to do with 
these equations and procedures except to use them as you are doing~ 
Relative to the enclosed 1970 letter to Narbey Khachaturian on a similar 
question (and the enclosed 1972 ackno'\vledgment) ~ I did not receive 'an anS'l;ver 
although perhaps none was required. 
Through the years Illinois authors have been meticulous in their documentation 
of historical developments, as they should have been, notwithstanding the fact 
that many of the developers were from Illinois. My own teachers at Florida 
were Illinois people -- Ozell, Richart Jr., and Kluge. The above is not 
necessarily of such profound importance, but would seem to be somewhat 
inconsistent with the same historical authenticity ... 
Sincerely, 
Dan E. Branson, 
Professor 
DEB:kf 
Enclosures 
cc: Narbey Khachaturian 
Meta Sozen 
, University of Illinois at Urba~na-Champaign 
DEPARTMENT OF CIVIL ENGINEERING • URBANA, ILLINOIS 61801 • (217) 333-3812 
Professor Dan E. Branson 
College of Engineering 
University of Iowa 
Iowa City, Iowa 52242 
Dear Professor Branson: 
2209 Civil Engineering Building 
11 March 1977 
Thank you for your recent review of the paper by Miller and 
Koutitsas. The very prompt revlew that you did is greatly appre-
ciated. 
With respect to the second paragraph of your letter, the 
source of the. equations is in fact noted in line 1, of p. 11. The 
reference is to SP'27-l3, which I believe is the most widely distri-
buted of the possible references~ We certainly would not intentionally 
omit a reference to such information, and there are enough equations 
involved to make me think we would not accidently omit a reference 
either. 
WLG:mas 
Again, thanks for the review. 
Sincerely yours, 
William L. Gamble 
Professor-of Civil Engineering 
The University of Iowa 
Iowa City, Iowa 62242 
College of Engineering 
DIvision of Materials Engineering 
(319) 353-4875 
March 1. 1911 
Professor Uilliam L. Gamble 
Department of Civil Engineering 
University of Illinois 
Urbana, Illinois 61801 
Dear Professor Gamble: 
c py 
My recommendation for the paper, "Effect of Creep on the Stiffness of. 
Reinforced Concrete Beams," by Charles A. Hiller and J. Koutitsas is 
enclosed. 
Also. thank you for a copy of the report, "Time-Dependent Deformations 
and Losses in Concrete Bridges," Jan. 1971 .. I believe I should mention 
that six of ·the equations and the creep and shrinkage procedures on 
pages 11 to 13 are those of the writ.er and colleagues, as you can see 
in ACI SP 27-13 and else~here.. I would imagine you would not. appreciate 
someone using six equations you had developed without acknowledgment. 
Sincerely. 
Dan EfI1/ Branson, 
Professor 
Enclosures .., ! J.--- 1/ (\,.. {t r \'"'7 tf.~, .,f-_T'! 
DEB:kf 
~ 
Oq, THE UNIVERSITY OF IOWA 
(; IOWA CITY, IOWA 52240 
College of Engineering October 15, 1970 
Department of Civil Engineering 
Area 319: 353-4870 
Professor Narbey Khachaturian 
Department of Civil Engineering 
University of Illinois 
Urbana" Illinois 
Dear Narbey: 
I have been intending to write to compliment you on your book 
with Gurfinkel, especially the material on design, and also to comment on 
the acknowledgements in Chapter 6 on Losses and Deflections. 
The !TIaterial in Chapter 6 folloved closely, including notation, 
the ACI Committee 435, Subcommittee 5 paper, ACT Journal, Dec. 1963 .. 
In turn, this pap~r was based significantly on the ACT Journal paper of 
June 1961 by myself and Ozelle t (tl f 
l.1 t .;,,..-. ~t tP--, .(p OY "'..., h.)Yr /"""11"°11\ ~ Ir'\~ ) 
I can find no aCknowledgement of the ACT Committee or Subcommittee 
(although the paper/iS refer~nced). the Subcommittee Chairman or the 
Committee Chairman, nor the June '61 paper. 
I believe it would be only fair to correct this in the next printing. 
Incidentally, enclosed are t~o papers that foll~Y this same type of 
procedure for predicting loss and camber, including composite structures, 
with test comparisons, variations bevxeen computed and measured results 
for both material pararr.eters and structural behavior, etc • 
DEB:mc 
Enclosures 
. Sincerely yours, 
Dan E.. Branson 
Professor 
TIME-DEPENDENT BEHAVIOR OF NONCOMPOSITE 
AND COMPOSITE PRESTRESSED CONCRETE STRUCTURES· 
UNDER FIELD AND LABORATORY CONDITIONS 
by 
V. Mossiossian 
W. L. Gamble 
Issued as a Documentation Report on 
The Field Investigation of Prestressed 
Reinforced Concrete Highway Bridges 
Project IHR-93 
Illinois Cooperative Highway Research· Program 
Conducted by 
THE STRUCTURAL RESEARCH LABORATORY 
DEPARTMENT OF CIVIL ENGINEERING 
ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS 
in cooperation with 
THE STATE OF ILLINOIS 
DIVISION OF HIGHWAYS 
and 
THE U. S. DEPARTMENT OF TRANSPORTATION 
FEDERAL HIGHWAY ADMINISTRATION 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
MAY 1972 
UiLU-ENG-72-2006 
46 
support to the midspan and would not be uniformly distributed along the beam." 
Since» within the working stress range, the principle of super-
position is valid, the effects of differential shrinkage on camber of com-
posite prestressed structures can be considered separately and then super-
imposed wi th the other effects. The separate secti on method. should be used 
for calculations of stress distribution and ·camber because it corresponds to 
the actual behavi or of the member. 
As it will be discussed later in this. study in the section on 
Approximate Procedures, the principle of superposition which takes the entire· 
s tress hi story into account and ; s based on theory of vi s coe 1 as ti ci ty, can 
safely be app 1 i ed for ca.l cul at; ng the loss of pres tress and· camber ·i n non..: 
composite and. composite prestressed structures. The behavior of co~posite 
section is bes-t visua~ized by following the variation of the shearing forces 
'and moments between the sl ab and the .gi rder concrete wi th time after cas ti ng 
of the deck concrete. 
Scordelis, Branson and Sozen (1963)(Subcommittee 5, ACI Committee 
435) reported on prediction of deflections of simply supported noncomposite 
prestressed concrete members. The method of calculation of long-time de-
~-----------------------------------flections presented in this report is more or less based on Branson1s method. 
----
This report was concerned primarily wi tha -=s:-:!;-=m=-p"rl e::--::a:-::p::-p:-:-ro:::-:x~l-""m'"="a-r-te=-------· 
method of prediction of deflections taking into account the effect of the 
prestressing and dead load separately, but in the p.rocess of calculating 
curvatures most of the information required for prediction of loss of pre-
stress is developed. The loss of prestress can be written as: 
= Relaxation Loss + Shrinkage Loss + Creep Loss (2" 59) I. 
J 
60 
. The superposition method based on McHenry's hypothesis will give 
. closer results if the variation in the creep.coefficientfor varying stress 
can be taken into account. This hypothesis is not strictly correct because 
it does not differentiate creep under increasing stress from creep under 
.decreasing stress, .but as stated previously, .it isa necessary condition 
for the usual assumptions ofe 1 as ti ci ty ,wi thi n the worki ngs tress range. 
A modified form of this method, as developed by Dilger, Ghali and Kountocis 
(1970}, uses an average of the creep coefficients under increasing and de-
creasing .stresses" 
Among the different theoretical.methods.ofpredtction, the super-· 
pos i ti on .method based on theory of e 1 as ti ci ty \'Jhi. chwas deve loped by Tros t 
(1967) and is extended to the case .of composite prestressed structures in 
this study seems to .be a .promi si ng one. This me·thod does take. the .changes 
in .stress and .the entire history of stress into account, and by proper 
ChOi.CeOf~ical consta 
curves ca·n be approachedn 
different creep and shrinkage-time 
involved in composite .sectionsafter 
\ // 
/ _ .For treating the problems 
:./'the slab concrete 
I 
I / 
ceptedone in the United States .. This method is simple but as mentione.d-/ 
has hardened, Branson1s. approach has been the most ac-
.. before, it does not take the entire hi~ 
. shaul d be modi fi ed wi th t~at-respect:--
e--'<i~n-!. airc~co' un t an d 
---.--~ 
The separate 'section described above is the most satisfactory· for 
prediction of the behavior of composite members . 
. The few field tests in different locations in the United States, 
.. Germany, Japan, and Africa have indicated that the .effects .of climatic 
conditions on the magnitude of creep and shrinkage ~an be appreciable. 
I 
I 
I 
I 
I 
I 
I 
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ABSTRACTS ON DEFORMATION OF CONCRETE STRUCTURES 
Related to Principal Publications of Dan E. Branson and Colleagues, 
including ACI,Committees .435 and 209 
1. Branson, D. E., and Ozell, A. M., "Camber in Prestressed Concrete Beams," 
ACI Journal, Proceedings V. 32, No. 12, June 1961, pp. 1549-1574 
ABSTRACT:' Investigation examined experimentally the initial-plus-time-
dependent camber deformation in both noncomposite and composite prestressed 
concrete beams. Methods for calculating these deformations relative to certain 
properties of the concrete are presented. Ten noncomposite beams and five 
composite beams were used in the tests. Total camber deformation was found 
to follow closely the prestress level (relative to concrete strength) but to 
be relatively insensitive to different concrete strengths and atmospheric 
conditions. Total camber appears to reach its ultimate value relatively 
early (100 to 200 days for the test beams) compared to the long-time shrinkage 
and creep strains that occur. The analytical methods set forth for predicting 
camber deformation in both noncomposite and composite beams were found to be 
in good agreement with the test results. The necessary concrete coefficients 
for the analysis of total camber were experimentally determined and are 
presented here and recommended for design purposes. 
2. Branson, D. E .. , "Instantaneous and Time-Depenqen.t Deflections of Simple and 
Continuous Reinforced Concre·te Beams," HPR Publication No.7, Part 1, Alabama 
Highway Department, Bur~au of Public Roads, Aug. 1963 (1965), pp. 1-78. 
ABSTRACT: Presented is a study of instantaneous and time-dependent deflections 
of simple and continuous reinforced concrete beams with particular emphasis on 
effects of cracking, continuity, shrinkage warping and steel percentage. A" 
study of the pertinent factors affecting both initial and time-depepdent 
deflections of reinforced concrete flexural members is made., and a, summary 
of existing ~ethods, guides and rules of thumb for predicting these effects 
presented. A new and practical method is presented for computing shrinkage 
warping which agrees more closely with test data than previous m~thods. ~ 
detailed anCilysis is made of the effects of cracking on deflections and 
recommended design procedures presented for predicting these effects. A 
method is demonstrated for including the effect of moment redistribution 
due to cracking in computing deflections of statically indeterminate beams. 
Deflections computed by these procedures compared reasonably well with the 
experimental data obtained in this investigation and other data on deflections 
of simple and continuous reinforced concrete beams. The method developed 
in this paper for predicting deflections of concrete members loaded into 
the cracking range has been, adopted for the 1971~ 1977 ACI Buiiding Codes, the 
1971 PCI Handbook, and the 1973 AASHTO Highway Bridge Specifications. The 
method developed in this paper for predicting shrinkage deflections has been 
adopted for the 1972 British Standard Code of Practice. 
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ABSTRACTS 
3. ACI Committee 435, Subcommittee 5, Scordelis, A. C., Subcommittee 5 Chairman; 
Sozen, M. A.; and Branson, D. E., Committee 435 Chairman; "Deflections of 
Prestressed Concrete Members," ACI Journal Proceedings V. 60, No. 12, Dec. 
1963, pp. 1697-1728. RepUblished in ACI Manual of Concrete Practice, Part 2, 
Structural Design, Structural Specifications, Structural Analysis, 1967. 
ABSTRACT: Discusses the factors affecting the short-time and long-time de-
flection behavior of prestressed concrete members. Analytical methods are 
presented for calculating these deflections taking into account prestress, 
transverse loading, creep, shrinkage, and relaxation of steel stress. 
4. Branson, D. E., "Time-Dependent Effects in Composite Concrete Beams," ACI 
Journal, Proceedings V. 61, No.2, Feb. 1964, pp. 213-230. 
ABSTRACT: The effects of direct shrinkage and creep deformation and dif-
ferential shrinkage in compostie concrete beams are discussed. Two different 
methods for determining differential shrinkage stresses and deflections are 
briefly summarized and compared. Procedures for predicting the total (initial 
plus time-dependent) deflection of shored and unshored composite beams, in 
which the precast beams are either reinforced or prestressed, are discussed. 
Also includ~d.is a discussion of existing experimental data dealing with the 
time-dependent behavior of composite. concrete beams. 
5. ACI Committee 435, Branson, D. E., Chairman of l6-Member Committee, "Deflections 
of Reinforced Concrete Flexural Members," ACI Journal, Proceedings V. 63, 
No.6, Part 1, June 1966, pp. 637-674. Republished in ACI Manual· of Concrete 
Practice, Part 2, Structural Design, Structural Specifications, Structural 
Analysis, 1967. 
ABSTRACT: Discusses the principal factors affecting short-time and long-
time deflections of reinforced concrete flexural members. Several methods 
for computing deflections are reviewed and a study made of the·accuracy of 
these methods for predicting initial and time-dependent deflections. 
6. ACI Committee 435, Subcommittee 1, Fling, R. S., Subcommittee 1 Chairman; 
Branson, D. E., Committee 435. Chairman; Buettner,D. R.; Corley, W. G.; Hanson, 
J. A.; Jobse, H .. J.; and Pregnoff, M. V.; "Allowable.Deflections,"-ACI Journal,. 
Proceedings V. 65, No.6, June 1968, pp.433-444. 
ABSTRACT: Discusses the factors affecting the deflection of' reinforced con~ 
crete members and emphasizes the importance of taking them all into considera-
tion for an accurate estimate of deflection. Includes a table with an exten-
sive list of situations requiring deflection limitations. These are based 
on L/b.. ratios and absolute values applied to the total or incremental deflec-
tions. Discusses the most significant parameters affecting the L/D'ratios 
as an indirect limit on deflections. Presents formulas and graphs for L/D 
and gives examples for their use. The report is divided into five chapters: 
Introduction,· Computation of Deflections, Allowable Deflections, Allowable 
Span/Depth RattoR, and Correlation wJth Actual Building Structures. 
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ABSTRACTS 
7. Branson, D. E., "Design Procedures for Computing Deflections," ACI Journal, 
Proceedings v. 65, No.9, Sept. 1968, pp. 730-742. 
ABSTRACT: Presents design procedures for computing short-time and long-
time deflections of noncomposite and composite ordinary reinforced and 
prestressed concrete beams. The paper discusses phases of the subject 
indicated in the 1963 ACI Building Code but not specifically defined therein, 
and is, in part, based on recent work of ACI Committee 435, Deflections. 
8. Shaikh, A. F., and Branson, D. E., "Non-Tensioned Steel in Prestressed Con-
crete Beams," PCI Journal, V. 15, No.1, Feb. 1970, pp. 14-36. 
ABSTRACT: A study of the effects of non-tensioned steel on the behavior of 
prestressed concrete beams is presented. Effects on camber, loss of prestress 
force, cracking, and deflections are included. Analytical results are 
compared with the observed behavior of twelve, simply supported, prestressed 
conCI:ete beams, ten of which contained non-tensioned steel. The effective I 
method for predicting deflections of cracked prestressed members was verified 
for the first time in the paper. This method is used in the 1971 PCI Hand-
book. The paper won PCI's 1971 Martin P. Korn A~ard. 
9. Branson, D. E.; Meyers, B., L.; and Kripanarayanan, K. M.; "Time-Dependent 
Deformation of Noncomposite and Composite Prestressed Concrete .Structures," 
Highway Research Record, No. 324, Symposium on 'Concrete Deformation, 1970, 
pp. 15-43. 
ABSTRACT: This paper reports the results of an investigation of the use of 
sand-lightweight concrete in prestressed laboratory beams and bridge girders. 
The study is divided into 3 parts: a materials study of the concrete be-
havior itself, a laboratory study of the behavior of both noncomposite (5 beams) 
and composite (4 beams) prestressed beams, and the field measurement of 
camber of prestressed girders (5 girders) used in the fabrication of a 
composite bridge in Iowa. In addition, systematic design procedures are pre-
sented and verified by the experimental results. The methods described for 
predicting material behavior and structural response are generalized to apply 
to prestressed concrete structures of different weight concretes. Continuous 
time functions are provided for all needed parameters so that the general 
solutions readily lend themselves to computer solutions. Approximate equations 
are also included. Design procedures are presented for calculating strength 
and elastic properties, and creep and shrinkage of the sand-lightweight con-
crete of this project at any time, including ultimate values. An indication 
is given of the calculation of these properties for normal':"'weight, sand-
lightweight, and all-lightweight concrete in general. Design procedures are 
also given for calculating loss of prestress and camber at any time, including 
ultimate values, of noncomposite and composite prestressed structures. Results 
computed by these methods are shown to be in agreement with the control speci-
men data, the laboratory beam data, and the bridge girder data. 
ABSTRACTS 
10·. Branson, D. E., "Compression Steel Effect on Long-Time Deflections," ACl' 
Journal, Proceedings V. 68, No.8, Aug. 1971, pp. 555-559. 
4 
ABSTRACT: Discusses concrete beam deflections relating to ACI 318-63, ACl 
318-71, the Unified British Code, and the references cited. It is written 
in response to a study by M. R. Hollington, which indicates that the 
restraining effect of compression steel on time-dependent deflections is 
less than the ACl 318-63 (similar to ACI 318-71) and the Unified Code pro-
visions predict for beams with low steel percentages. The ACI 318-71 
procedure is evaluated and found to be within reasonable limits in most 
cases for such a grossly simplified approach to this rather complex prob-
lem. However, the procedure does somewhat overestimate the effect of com-
pression steel for beams with low steel percentages (approximately 1 percent 
and less) when A'/a is high (as about 1.0). An alternate method for pre-
dicting the effe8t 5f compression steel on long-time deflections, as a 
function of the compression steel percentage, p', rather than the steel 
area ratio , A' I A , is presented. .Reference is also made to the correspond-
ing predictio~ of shrinkage warping, and to the variation in creep and 
shrinkage effects with time. 
11. BransoQ., D E., and Kripanarayanan, K. M., "Loss of Prestress; Camber; and 
Deflection of Noncomposite and Composite Prestressed Concrete Structures," 
PCl Journal, V. 16, No.5, Sept.-Oct. 1971, pp. 22-52. 
ABSTRACT: Presents general equations for predicting loss of prestress and· 
camber of both composite and noncomposite prestressed concrete structures. 
Continuous time functions of all parameters needed to solve the equations 
are given, and sample results included. Computed prestress loss and camber 
are compared with experimental data for normal weight and lightweight 
concrete. Methods are als() presented for predicting the effect of non-
prestressed tension steel· in reducing time-dependent loss of prestress and 
camber, and for the determination of short-time deflections of un cracked 
and cracked prestressed members. Comparisons with experimental results 
are indicated for these partially prestressed methods. 
12. ACI Committee 209, Subcommittee 2, Branson, D. E., Subcommittee 2 Chairman; 
Keeton, J. R., Committee 209 Chairman; Buettner; D. R.; Pauw, A.; Reichard, 
T. W.; Roll, F.; "Prediction of Creep, Shrinkage, and Temperature Effects 
in Concrete Structures," Designing for Effects of Creep, Shrinkage and 
Temperature in Concrete Structures, ACI Publication SP 27-3, Symposium 
Volume, 1971, pp. 51-93. 
ABSTRACT: This paper presents a review of methods for predicting creep, 
shrinkage and tempenature effects in concrete structures as related to 
reinforced beams and one-way slabs, two-way· construction, prestressed beams, 
and composite beams. The paper is generally consistent with the ACl Building 
Code (ACl 318-71) and includes material indicated in the Code, but not 
specifically defined therein. 
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ABSTRACTS 
13. ACI Committee 435, Subcommittee 2; Benjamin, J. R., Subcommittee 2 Chairman; 
Meyers, B. L., Committee 435 Chairman; Corley, W. G.; Gabrielsen, B. L.; 
Zundelevich, S.; "Variability of Deflections of Simply Supported Reinforced 
Concrete Beams," ACI Journal, Proceedings V. 69, No.1, Jan. 1972, pp. 29-35. 
Discussion by Branson, D. E., ACI Journal, July 1972. 
ABSTRACT: The variability of actual deflection of simply supported reinforced 
concrete beams with respect to deflection calculated by accepted methods is 
discussed. The probability of the deflection of a particular beam falling 
within a given level of uncertainty is evaluated by analyzing existing data 
and fitting a probability distribution to the data. Using deflection criteria 
of ACI 318-71, there is approximately a 90 percent chance that deflections 
of a particular beam will be within the range of 20 percent less than to 30 
percent more than the calculated value. This represents a slight improvement 
over ACI 318-63. 
14. Kripanarayanan, K. M., and Branson, D. E., "Short-Time Deflections of Beams 
Under Single and Repeated Load Cycles," ACI Journal, Proceedings V. 69, No. 
2, Feb. 1972, pp. 110-117. 
ABSTRACT: Presents a simple and efficient design procedure for predicting 
the entire short-time load-deflection curve (or a single point, such as at 
maximum load) under repeated load cycles into the cracking range. This 
includes the loading, recovery, and reloading parts of the load-deflection 
curve. The "Ieff concept" adopted by ACI 318-71 for predicting deflections 
of reinforced beams under repeated load cycles (including varying load levels) 
into the cracking range. The reliability of the procedure is indicated by 
comparisons between computed results and experimental data of this study 
for 15 prestressed concrete beams (nine noncomposite and six composite), and 
with data in the literature for reinforced concrete beams. 
15. ACI Committee 435, Subcommittee 7; Fling, R. S., and Shaikh, A. Fe, Subcommittee 
7 Chairmen; Sabnis, G. M., and Meyers, B. L., Committee 435 Chairmen; Other 
Subcommittee members--Branson, D. E.; Dallam, L. N.; Mirza, M. S.; Pauw, A.; 
Pregnoff, M. V.; Salmon, C. G.; "Deflections of Continuous Concrete Beams " )I 
ACI Journal, Proceedings V. 70, No. 12, Dec. 1973, pp. 781-787. 
ABSTRACT: This report discusses the necessary considerations and outlines 
the procedure for a theoretically exact method of computing the deflection 
of continuous reinforced concrete beams. It describes the approximate method 
currently in use and a proposed new method.. Each approximate method is 
compared for accuracy with certain necessary characteristics and also with 
pertinent test data. Advantages and disadvantages 'are cited, and the 
committee's recommendations are given. 
16 .. Branson, DID Ea, "The Deformation of Noncomposite and Composite 
Prestressed Concrete Members," ACl Publication SP 43-4, Deflections 
of Concrete Structures, 1974, pp. 83-127. 
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ABSTRACT: Loss of prestress equations and examples using a modified step 
function method, the relaxation method, the AASHTO method and the PCl 
Handbook method; and camber equations and examples using the step function 
approach recommended in previous ACl Committee 435 and 209 papers, are 
presented and compared for both noncomposite and composite prestressed 
flexural members. The effects of nonprestressed steel and sustained loads 
other than a composite slab or topping applied sometime after 
are included. The calculation of short-time deflection of cracked prestressed 
members follows the I-effective approach used in the 1971 ACl Code for 
reinforced members and in the 1971 PCl Handbook for satisfying the 1971 
ACl Code provision on deflections of partially prestressed members. The 
effect of repeated load cycles into the cracking range is also briefly 
described .. 
17 .. Kripanarayanan, K .. M., and Branson, De E., "Some Experimental Studies of 
Time-Dependent Deflections of Noncomposite and Composite Reinforced 
Concrete Beams," ACl Publication SP 43-16, Deflections of Concrete 
Structures, 1974, pp. 409-419. 
ABSTRACT: Presented in this paper are the results of limited experimental 
studies concerning time-dependent deflections of composite and noncomposite 
reinforced concrete beams. The experimental results are compared with 
appropriate analytical expressions and found to be satisfactory. 
18. Kripanarayanan, K. M.,and Branson, D. E., "Short-Time Deflections of. Two-Way 
Slab Systems", ACI Journal, Proceedings V. 73, No. 12, Dec. 1976, pp. 686-690. 
ABSTRACT: Presents an approximate proce¢iure to estimate the deflections of 
flat plates, flat slabs, and two-way slabs in the partially cracked load 
ranges. The method is compatible with the equivalent frame method of the 
ACI Building Code (ACI 318-71) and is an extension of the work related to 
elastic deflections of slab systems. Available experimental data in the 
literature is compared with the estimates provided by the procedure and 
found to be satisfactory. 
BOOK 
Branson, D. E., Deformation of Concrete Structures, McGraw-Hill International 
Book Company, New York, St Louis, San Francisco, Auckland, Bogota, Dusseldorf, 
Johannesburg, Madrid, London, Mexico, Montreal, New Delhi, Panama, Paris, 
Sao Paulo, Singapore, Sydney, Tokyo, Toronto, 1977. 
ABSTRACT: Chapters on Material Properties; Differential Shrinkage, Creep, and 
Temperature in Composite Beams; Deflection of Reinforced Concrete Beams and One-
Way Slabs, and Both Steel and Reinforced Concrete Composite Beams; Deflection of 
Two-Way Reinforced Concrete Slab Systems; Loss of Prestress, Camber, and 
Deflection of Noncomposite and Composite Prestressed Concrete Members; and 
Control of Deflections. 
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ABSTRACTS ON CREEP AND SHRINKAGE OF CONCRETE 
1. Branson, D. E., and Christiason, M. L., "Time-Dependent Concrete 
Properties Related to Design--Strength and Elastic Properties, Creep 
and Shrinkage," Designing for Effects of Creep, Shrinkage and Tempera-
ture in Concrete Structures, ACI Publication SP 27-13, Symposium Volume, 
1971, pp. 257-277. 
ABSTRACT: Presented are design procedures for predicting strength and 
elastic properties, creep, and shrinkage as a function of time. Continuous 
functions are provided for all standard equations and correction factors, 
so that the procedures readily lend themselves to computer solution. The 
equations presented are compared with experimental data from the literature 
for normal weight, sand-lightweight, and all-lightweight concrete (using 
both moist and steam curing, and Types I and III cement). Ranges of varia-
tion are also indicated. Both general and simplified procedures for predict-
ing creep and shrinkage are outlined. Example solutions by both methods 
are compared. 
2. Meyers, B. L.; Branson, D. Eo; and Schumann, C. G.; "Prediction of Creep 
and Shrinkage Behavior for Design from Short-Term Tests," PCI Journal, V. 
17, No.3, May-June 1972, pp. 29-45. 
ABSTRACT: Presents simple empirical equations for predicting long-time 
creep and shrinkage properties of concrete. Prediction accuracy that pre-
viously required almost 4 months of testing can now be achieved with only 28 
~ days of creep and shrinkage data. General constants are presented for 
use when the 28-day experimental program is not feasible. The procedure is 
based on the prediction method suggested in ACI Special Publication 27 by 
Branson and Christiason (Sp 27-13) and Subcommittee 2 of Committee 209 
(SP 27-3). 
3. Meyers, B. L" and Branson, D. E., "Design Aid for Predicting Creep and 
Shrinkage of Concrete," ACIJourna1, Proceedings V. 69, No.9, Sept. 1972, 
pp. 551-555. 
ABSTRACTS: A simple design aid for predicting the creep and shrinkage 
properties of concrete is developed and illustrated. The method enables 
the engineer to evaluate these parameters using simple equations and 
correction factors for his proportions, environmental conditions, member 
size, and loading history. The design aid, which consists of a single 
figure from which all necessary correction factors can be obtained, is 
based on the prediction method suggested in ACI Special Publication 27 by 
Branson and Christiason (SF 27-13), and Subcommittee 2 of ACI Committee 
209 (SP 27-3). 
